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a b s t r a c t
The spectroscopic acetyl bromide lignin (ABL) and two versions of the gravimetric sulfuric
acid lignin method [Lignin (sa)] were compared for their correlations with in vitro forage
dry matter (IVDMD) and neutral detergent ﬁber degradability (IVNDFD) assays of 73 grass
and legume samples. The two versions of Lignin (sa) were the acid detergent lignin (ADL)
and Klason lignin (KL) methods. ABL and KL methods employ crude cell wall as the ﬁbrous
preparation while ADL uses acid detergent ﬁber. In vitro forage measures of degradability
werenegatively correlatedwith almost all ligninvalues, but theABLmethodhad thehighest
correlation coefﬁcients for both grasses and legumes. Regression curves of ADL values with
grass and legume IVDMD and IVNDF revealed different slopes, with steeper curves for
grasses.With KL, grass and legume IVDMDand IVNDFD slopeswere statistically similar and
parallel. The results observed in the ADL and KL methods testify to the distance between
the lines and data points, that is, these methods are poor predictors of NDF degradability.
Grass and legume samples assayed with the ABL procedure, exhibited similar slopes, with
parallel lines for both IVDMD and IVNDFD assays. Steeper inclination of curve for grasses
relative to legumes in the ADL method may be attributed to partial loss of lignin during
the procedure. This shows that ABL can accurately and consistently measure the inhibitory
effect of lignin on degradation of structural carbohydrates of both grasses and legumes. The
ABL method provides an accurate, easy and fast procedure for quantifying lignin in plant
materials. A step-by-step laboratory procedure of the ABL method is described.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Lignin is a hydrophobic polymer formed through enzyme-mediated radical coupling of monolignols, mainly coniferyl,
sinapyl and -coumaryl alcohols (Hatﬁeld and Fukushima, 2005). It inhibits degradability of forage cell wall carbohydrates
by herbivores (Van Soest, 1994) and substantially limits utilization of agricultural by-products by rumen microorganisms
(Kerley et al., 1985). To assess the mechanisms involved in the inhibition of cell wall carbohydrate utilization, lignin must
be chemically determined with acceptable precision and accuracy (Faichney, 1975).
Over the years, numerous methods have been introduced. Most frequently used among workers involved with forage
utilization are the acid detergent lignin (ADL) (Van Soest, 1963) and Klason lignin (KL) (Theander and Westerlund, 1986).
Both the ADL and KL procedures use concentrated sulfuric acid to digest the ﬁbrous portion of the sample. The residue is
then analyzed for lignin.
However, use of the KL method for forages, particularly legumes, has been questioned because of possible contamination
with protein contained in the dietary ﬁber preparation (Van Soest, 1967; Lai and Sarkanen, 1971). Higher KL concentrations
relative to ADL support the hypothesis of protein contamination. The ADL method was developed as an alternative to KL to
avoid such contamination by using acid detergent ﬁber (ADF) as the ﬁbrous preparation (Van Soest, 1963) and it is widely
used for lignin determination in forage samples.
Although KL values for forages are often two to four times higher than ADL, this difference should not be solely attributed
to protein (Hatﬁeld et al., 1994). Some reports indicate that the ADL method underestimates lignin concentration due to loss
of a lignin fraction, particularly in grasses, that is potentially soluble in the acid detergent step used to prepare ADF (Shimojo
and Goto, 1984; Kondo et al., 1987). Loss of lignin using the ADL technique was up to half of the lignin present in tropical
grasses (Lowry et al., 1994). On the other hand, the loss is smaller using the KL method partly because starch-free cell walls
are assayed (Hatﬁeld et al., 1994).
The ultra-violet acetyl bromide lignin (ABL) method proposed for quantifying lignin in wood (Johnson et al., 1961) and
forages (Morrison, 1972a,b)may be an alternative to thesemethods. In the ABLmethod, lignin is solubilized into a 25% acetyl
bromide in acetic acid solution and read at 280nm on a spectrophotometer. In this method, the phenolic nuclei of lignin
are the responsible for UV 280nm absorbance (Johnson et al., 1961; Iiyama and Wallis, 1989). Other plant cell components
that may absorb UV light at 280nm such as tannins, ﬂavonoids, protein, etc. are either removed during the crude cell wall
preparation or are insoluble in the acetyl bromide reagent (Morrison, 1972a,b).
However, theneed for anadequate calibration standard curvehas sloweduseof theABLmethod (FukushimaandDehority,
2000). Fukushima and Hatﬁeld (2001, 2004) proposed the utilization of lignin extracted with dioxane as standard. Although
this process worked satisfactorily, it requires that lignin be extracted from each sample and individual standard curves be
constructed. Obviously, these steps require time and expense, which limits adoption as a routine method. To circumvent
this, Fukushima and Kerley (2011) improved the ABL method by developing a regression equation based on the standard
curves from multiple plant species, which in turn could be used to determine lignin content in any plant, regardless of its
botanical origin.
Objectives of thisworkwere to compare the spectroscopicABLprocedurewith theADLandKLmethods, examining a large
set of forage samples and to correlate results from analytical methods with in vitro measurements of forage degradability.
2. Materials and methods
2.1. Plant material
Ten forage species totaling 73 samples were employed in this study. Fifty-one grass samples: perennial ryegrass (Lolium
perenne) – 7 samples, tall fescue (Festuca arundinacea) – 14 samples, annual ryegrass (Lolium multiﬂorum) – 17 samples,
sorghum Sudan (Sorghum sudanense) – 6 samples, Caucasian bluestem (Bothriochloa bladhii) – 5 samples, corn (Zeamays) – 1
sample, and sorghum (Sorghumvulgare) – 1 sample, and 22 legume samples: alfalfa (Medicago sativa) – 13 samples, lespedeza
(Kummerowia stipulacea) – 4 samples, and red clover (Trifolium pratense) – 5 samples. These plants came from different
trials, thus they had diverse maturity stages, ranging from immature to early blooming; harvesting date (month/day/year) is
provided in the tables. Because of sample size (73) and space limitation, only a portion of the results are shown in the tables;
however, the means, standard deviations, correlation coefﬁcients and the graphics depict the whole data set. Samples were
analyzed in duplicate for chemical composition assays and in triplicate for the in vitro degradation studies.
2.2. Laboratory analysis
2.2.1. Detergent ﬁber preparations
Forage samplesweredried at 55 ◦C in a forced air oven for 72h, and thenground to0.5mmina cyclonemill. Aciddetergent
ﬁber (ADF) was obtained by using the sequential acid detergent procedure (Van Soest and Robertson, 1980). Approximately
0.5 g of samplewas placed inAnkomF57bags, 25mpore size (AnkomTechnology Corp.,Macedon, NY); these bags (up to 24
bags per run) were immersed in 2-L neutral detergent solution that contained 4.0mL of heat-stable bacterial alpha amylase
(activity =17,400 Liquefon Units/mL, Ankom Technology Corp., Macedon, NY), but no added sodium sulﬁte and extracted
under pressure and elevated temperature (around 90 ◦C) for an hour in an Ankom 2000 Fiber Analyzer (Ankom Technology
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Corp.,Macedon, NY). Then, bagswerewashedwith hotwater (three times) in the same equipment. After rinsingwith enough
acetone to cover bags (for 3–5min, in a beaker), bags were dried, ﬁrst in the hood, and then overnight at 55 ◦C, forced-air
oven. After neutral detergent ﬁber (aNDF) content determination, samples (maximum of 24bags/run) were extracted in 2-L
of acid detergent solution for 60min using the same equipment. The bags were washed with hot water (three times) in the
same system, rinsed with acetone and dried overnight at 55 ◦C, forced-air oven; the ADF residue must be thoroughly washed
with water to remove all the detergent otherwise any remaining CTAB will be incorrectly attributed as sample nitrogen. All
lignin data are reported on aNDF basis.
2.2.2. Lignin gravimetric methods
The two versions of the gravimetric sulfuric acid lignin method [Lignin (sa)] were acid detergent lignin (ADL) (Van Soest
and Robertson, 1980) and Klason lignin (KL) (Theander and Westerlund, 1986). After weighing for ADF calculation, the bags
were placed in a 3-L beaker and immersed in 12M H2SO4 (enough acid solution to completely cover all bags – roughly
10–15mL per bag) for 3h at room temperature (approximately 20 ◦C). A 2-L, water ﬁlled Erlenmeyer ﬂask was used as
weight to keep bags fully immersed. This Erlenmeyer was used to gently expel the captured air and circulate acid within
the bags (three times) during the digestion. After pouring off sulfuric acid into waste container, the beaker was ﬁlled with
hot water (approximately 70 ◦C) and soaked for 5–10min. The 2 L beaker placed inside the 3 L beaker was to keep bags
submerged and to agitate. Then, rinse water was discarded and washing was repeated three more times (or until no residual
acid was detected on a pH measuring strip). After rinsing with enough acetone to cover bags (for 3–5min), bags were dried,
ﬁrst in the hood, and then dried overnight at 100 ◦C.
The KL procedure used the two stage sulfuric acid hydrolysis of crude cell wall preparation (dietary ﬁber) (Theander
and Westerlund, 1986). To obtain this ﬁbrous preparation, approximately 0.5 g of sample was weighed into Ankom F57
ﬁlter bags and immersed in a 0.1M acetate buffer (pH 5.0), roughly 50mL of buffer/bag. Alpha amylase (100L/bag,
activity =17,400 Liquefon Units/mL, Ankom Technology Corp., Macedon, NY) was added and the contents heated to 90 ◦C
for 1h. After cooling, samples in the bags were digested with amyloglucosidase (500L/bag, from Rhizopus mold, activ-
ity =21,300U/g, Sigma–Aldrich) overnight at 60 ◦C in a shaking water bath. Then, bags were rinsed twice each with hot
water, ethanol (960mL/L), and acetone after which bags were dried. Crude cell walls of samples were digested with 12M
H2SO4 as described above for ADL. Water was added (approximately 290mL/bag) in the beaker to reduce the molar concen-
tration of sulfuric acid to 0.4M prior to secondary hydrolysis in an autoclave at 121 ◦C for 60min. Then, the non-hydrolyzed
residues in the bags were extensively washed with water and dried at 100 ◦C overnight.
Aliquots of ADL and KL residues were used to quantify non-lignin compounds and these data subtracted from the original
lignin values. Ash contentwas determined by combustion at 450 ◦C in a furnace overnight and lignin concentrations reported
as ash-free residues.
2.2.3. Lignin spectroscopic method
The ABL method followed the basic protocol described by Fukushima and Hatﬁeld (2001, 2004), with the exception
that a regression equation was employed to calculate lignin concentration (Fukushima and Kerley, 2011) instead of using
individual isolated lignins as standards. This procedure requires isolation of plant cell wall (CW) as the ﬁbrous preparation
which was obtained by sequentially treating the sample with water, ethanol (960mL/L), chloroform:methanol (2:1) and
acetone in a Soxhlet extractor; change of solvent took place when no visible color was detected leaching from the sample.
Then, forage CW content on a dry matter basis was calculated. To obtain forage CW, Ankom F57 bags were again utilized; a
single extractor can accommodate up to 10 samples.
Brieﬂy, the ABL concentration in plant samples was determined as follows: approximately 100mg of CW were weighed
into a 50-mL screw-capped glass centrifuge tube (teﬂon lined cap) and 10mL of a solution of acetyl bromide in acetic acid
(250mL/L) was added. The content of tube was allowed to digest in a 50 ◦C water bath for 2h with occasional gentle mixing
every 30min. A blank tube was included. After cooling and centrifuging (3000×g for 15min), 0.5mL of the digested solution
was added to a tube containing 6.5mL of acetic acid and 2.0mL of 0.3M NaOH. Contents were mixed and 1.0mL of 0.5M
hydroxylaminehydrochloride solutionwasaddedand the tubemixedagain.Absorptionwasmeasuredat280nmwavelength
(Beckman Instruments, Inc., Fullerton, CA) and optical density inserted in the followingABL equation:X= (Y−0.0009)/23.077
(Fukushima and Kerley, 2011).
Where X is the concentration of lignin (mg/mL), Y is the optical density reading of unknown sample, 0.0009 is the mean
intercept value and 23.077 is the mean extinction coefﬁcient. The resulting X value is then multiplied by CW content of the
plant (on a DM basis) and divided by the actual amount of CW utilized after all dilutions (mg of CW weighed divided by
200). This provides the lignin concentration in the plant (g/kg DM).
In the ABL procedure it is recommended that all analysis steps be made in a ventilated hood because the acetyl bromide
fumes are irritating for the respiratory tract and visionmucosa.Whendosing acetyl bromide solution, it is also recommended
to use syringe-type pipettes, positive air displacement, such that the fumes will not damage the pipette. In spite of these,
acetyl bromide reagent is far less corrosive than the 72% H2SO4 solution used in other procedures.
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2.3. In vitro forage degradability assays
All forage samples were analyzed for in vitro dry matter degradability (IVDMD) and in vitro neutral detergent ﬁber
degradability (IVNDFD). IVDMD was obtained after a 48h ruminal fermentation followed by 48h digestion with acid and
pepsin (Tilley and Terry, 1963). IVNDFD was determined by extracting the residue after 48h of fermentation with ruminal
liquidwith neutral detergent solution (Jung andVogel, 1986). Both digestion trials used F57Ankombags andwere conducted
in glass jars of a Daisy® incubator (Ankom Technology Corp., Macedon, NY). Ruminal liquid was collected from two non-
lactating Holstein cows, mixed and ﬁltered through a four-layer of cheesecloth, under CO2 ﬂushing, prior to utilization.
Mineral solution containing cysteine as a reducing agent and resazurin as a redox indicator was reduced at a substantially
faster rate by simply illuminating themineral solutionwith one 100Wﬂuorescent lampwhile ﬂushingwith CO2 (Fukushima
et al., 2002). Cows were fed a roughage diet composed of corn silage (33.8%) and alfalfa haylage (25.7%), and a concentrate
meal containing distillers brewer grains (17.0%), cracked corn (10.4%), soybean meal (4.6%), soy hulls (2.6%), whole cotton
seed (2.4%) and a mineral mix (3.4%) (on dry matter basis).
2.4. Statistical analysis
Datawere analyzed as a completely randomized design using the ProcMixed procedure of SAS (2002) using the following
model:
Yijk =  + Fi + Mj + S(F)k + (Fi × Mj) + eijk
where,Yijk =dependentvariable,=overallmean, Fi =ﬁxedeffect of i forages (grass and legume),Mj =ﬁxedeffect of jmethods
(ADL, KL and ABL), S(F)k =ﬁxed effect of specie k within each forage (k=1–8), Fi ×Mj =ﬁxed effect of interaction between
forage andmethod, and eijk = randomerror associated to each observation. Least squaresmeans estimateswere reported and
the separation of least squares means was performed at ˛=0.05 using a Tukey’s adjustment of DIFF option of the LSMEANS
statement.
Regression analyses of IVDMD and IVNDFD values against lignin concentrations determined by each lignin method were
performed with the MIXED procedure of SAS. The slopes of equations in the estimates of IVDMD and IVNDFD for each lignin
method were declared different when there was an interaction effect among forages and lignin (within each lignin method),
and intercepts were declared different when forage effect within each lignin method was signiﬁcant.
Pearson correlation was used to evaluate the association among the studied variables with the Proc CORR of the SAS.
The coefﬁcients of determination (R2) were calculated through the Microsoft® Excel package. For all statistical analyses,
signiﬁcance was declared at P≤0.05 and trends at P≤0.10.
3. Results
3.1. Fibrous preparations and lignin concentrations
Neutral detergent ﬁber, ADF and CW contents (g/kg DM) in grasses and legumes are depicted in the Tables 1 and 2 ,
respectively. Values of ﬁbrous preparations are shown because lignin concentrations determined through the threemethods
areexpressedonNDFbasis (g/kgNDF), andbecauseADFandCWareusedaspreparative residues for ligninquantiﬁcation,ADL
and ABL, respectively. Grasses showed higher concentrations of NDF (533.1 g/kg) than did legumes (437.3 g/kg) (P=0.0002).
However, ADF concentrations were equivalent (P=0.797) for both forage types: 281.4 g/kg for grasses and 285.5 g/kg for
legumes. Also, CW values showed no differences (P=0.871) between forage types: 664.7 g/kg versus 661.3 g/kg, grass and
legumes, respectively.
KL concentrations were higher (P<0.0001) than the corresponding ADL measurements for grasses (183.9 g/kg versus
56.6 g/kg) (Table 3) and for legumes (204.7 g/kg versus 141.6 g/kg) (P<0.0001) (Table 4). In this work, lignin values for grasses
using the KL method were more than double those predicted using the ADL method (Table 3); for legumes, KL values
were greater than those for ADL too, although the ratio KL/ADL was lower (Table 4). KL measurements were not similar
(P<0.0001) to ABL values, averaging 183.9 g/kg and 106.6 g/kg for grasses and 204.7 g/kg versus 98.7 g/kg for legumes. ABL
concentrations in grasses were higher (P<0.0001) than corresponding ADL values (106.6 g/kg versus 56.6 g/kg) (Table 3);
however, the opposite situation was observed for legumes: 98.7 g/kg versus 141.6 g/kg, respectively ABL and ADL (P=0.001).
The gravimetric ADL showedhigher lignin values for legumes than for grasses (P<0.0001). On theother side, nodifferences
(P=0.1223) were detected between forage species in the KL procedure. In the ABL method, lignin contents for legumes were
similar to lignin contents for grasses (P=0.7793) (Tables 3 and 4).
3.2. Correlations between forage degradability and lignin method
Invitrodrymatterdegradability (IVDMD)waspositively correlated (P<0.0001)with in vitroneutraldetergentﬁberdegrad-
ability (IVNDFD) (r=0.84 for grasses and r=0.80 for legumes). Both degradability assays were negatively correlated with
lignin estimates of ADL andABL. Klasonmeasurements for grasses and legumeswere positively correlatedwith degradability
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Table 1
Neutral detergent ﬁber (NDF), acid detergent ﬁber (ADF) and crude cell wall (CW) values of grass samples.a
Sample NDF (g/kg DM) ADF (g/kg DM) CW (g/kg DM)
5/1/03b PR 477.6 240.2 663.7
5/13/03 PR 487.4 263.0 627.9
6/9/03 PR 518.0 257.7 668.9
6/25/03 PR 558.8 295.2 670.1
7/23/03 PR 593.6 315.6 677.3
10/30/03 PR 441.9 209.0 600.2
5/8/02 TF 621.2 342.9 753.7
9/24/03 TF 595.4 296.2 731.0
4/23/04 TF 535.5 289.5 682.3
8/10/04 TF 668.6 366.3 760.0
4/23/03 AR 380.8 179.5 499.8
5/13/03 AR 509.2 269.7 605.8
6/4/03 AR 573.6 310.0 658.0
5/31/05 AR 624.8 339.9 719.7
8/18/03 SS 674.1 340.6 760.3
9/8/03 SS 412.7 267.9 695.6
7/15/04 SS 570.8 275.3 690.9
9/14/04 SS 665.1 360.1 764.9
6/27/01CB 637.2 352.1 750.6
6/12/02CB 649.3 362.0 743.5
6/10/03CB 606.1 304.4 734.3
Mean 533.1 281.4 664.7
SD 98.8 61.9 88.7
SD, standard deviation.
a PR, perennial ryegrass; TF, tall fescue; AR, annual ryegrass; SS, sorghum-Sudan; CB, Caucasian bluestem.
b Indicates harvest date (month/day/year).
Table 2
Neutral detergent ﬁber (NDF), acid detergent ﬁber (ADF) and crude cell wall (CW) values of legume samples.a
Sample NDF (g/kg DM) ADF (g/kg DM) CW (g/kg DM)
8/5/97b Alf 508.5 385.4 709.2
9/15/97 Alf 421.7 295.3 645.0
4/24/98 Alf 293.1 193.0 564.1
8/18/98 Alf 437.6 318.1 682.0
11/5/98 Alf 348.3 253.2 629.5
4/26/99 Alf 393.8 264.8 647.3
5/10/99 Alf 488.1 360.8 704.1
6/22/99 Alf 552.5 416.7 742.7
8/4/99 Alf 476.0 346.6 669.4
9/15/99 Alf 359.6 243.4 634.4
11/8/99 Alf 287.0 185.1 590.5
9/8/03 #1 Les 574.5 288.9 747.1
9/8/03 #2 Les 443.3 290.3 742.0
9/3/04 #1 Les 479.6 291.9 703.0
9/3/04 #2 Les 558.4 321.0 722.1
7/18/03 RC 381.1 238.2 603.1
8/5/03 RC 387.5 238.8 581.7
8/3/04 RC 456 277.2 665.7
Mean 437.3 285.5 661.3
SD 90.8 62.9 63.9
SD, standard deviation.
a Alf, alfalfa; Les, lespedeza; RC, red clover.
b Indicates harvest date (month/day/year).
studies and all non-signiﬁcant (exception: legume IVDMD) (Table 5). Low correlations were observed for lignin content in
grasses measured by ADL (r=−0.39 and r=−0.46) and KL (r=0.12 and r=0.20) methods, respectively IVDMD and IVNDFD
assays. Lignin concentrations in legumes estimated by the ADL procedure also yielded low correlations with forage degrad-
ability (r=−0.34 for IVDMD and r=−0.54 for IVNDFD). With the exception mentioned above, KL method had no correlations
with legumes in either degradability study. The ABL method had high correlation coefﬁcients with degradability of both
forages (grass =−0.74 and −0.93; legumes=−0.65 and −0.72, respectively IVDMD and IVNDFD) (Table 5).
3.3. Slopes between forage degradability and lignin method
This work showed that ADL slopes for grasses and legumes were different (P=0.0003) for IVDMD (Fig. 1), with steeper
inclination for the grass line (−9.2265 and −4.1408, respectively for grasses and legumes). For IVNDFD, although forage
lines crossed, the slopes were not different (P=0.1445), and tendency for steeper line for grasses could be seen (−4.1401
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Table 3
Acid detergent lignin (ADL), Klason lignin (KL), acetyl bromide lignin (ABL), in vitro dry matter digestibility (IVDMD) and in vitro neutral detergent ﬁber
digestibility (IVNDFD) values of grass samples.a
Sample ADL (g/kg NDF) KL (g/kg NDF) ABL (g/kg NDF) IVDMD (g/kg DM) IVNDFD (g/kg NDF)
5/1/03b PR 64.1 140.7 75.2 756.6 873.1
5/13/03 PR 77.0 143.9 76.7 781.2 843.4
6/9/03 PR 67.7 132.8 74.7 713.2 827.9
6/25/03 PR 55.4 181.0 97.7 661.6 777.7
7/23/03 PR 56.5 173.9 113.0 573.2 610.6
10/30/03 PR 59.6 122.3 71.1 746.7 858.1
5/8/02 TF 48.2 148.1 112.8 572.5 658.8
9/24/03 TF 49.5 162.9 112.4 586.6 660.5
4/23/04 TF 46.3 183.4 90.0 700.6 732.0
8/10/04 TF 59.8 105.3 130.3 490.6 566.8
4/23/03 AR 59.1 155.2 86.1 789.9 867.0
5/13/03 AR 54.1 135.5 120.4 711.7 771.2
6/4/03 AR 50.3 132.7 117.0 677.0 728.7
5/31/05 AR 61.7 331.5 126.0 500.7 672.6
8/18/03 SS 60.6 126.2 129.9 593.8 632.8
9/8/03 SS 96.3 264.9 167.9 571.4 532.5
7/15/04 SS 50.5 213.3 112.3 654.9 758.8
9/14/04 SS 62.7 161.9 135.9 532.3 636.8
6/27/01CB 58.7 110.8 116.6 607.4 670.4
6/12/02CB 60.8 204.4 127.5 596.2 679.6
6/10/03CB 64.0 144.9 120.3 636.7 671.8
Mean 56.6 183.9 106.6 661.8 730.0
SD 13.5 70.4 26.1 94.3 109.3
SE, standard deviation.
a PR, perennial ryegrass; TF, tall fescue; AR, annual ryegrass; SS, sorghum-Sudan; CB, Caucasian bluestem.
b Indicates harvest date (month/day/year).
Table 4
Acid detergent lignin (ADL), Klason lignin (KL), acetyl bromide lignin (ABL), in vitro dry matter digestibility (IVDMD) and in vitro neutral detergent ﬁber
digestibility (IVNDFD) values of legume samples.a
Sample ADL (g/kg NDF) KL (g/kg NDF) ABL (g/kg NDF) IVDMD (g/kg DM) IVNDFD (g/kg NDF)
8/5/97b Alf 159.0 174.8 106.8 567.6 449.5
9/15/97 Alf 162.5 159.0 91.5 736.2 709.3
4/24/98 Alf 120.5 223.3 70.3 645.5 548.0
8/18/98 Alf 161.0 90.7 96.0 750.5 703.7
11/5/98 Alf 174.3 254.0 99.3 598.7 504.9
4/26/99 Alf 153.9 281.5 91.9 673.3 537.3
5/10/99 Alf 151.8 225.2 87.3 672.6 636.2
6/22/99 Alf 151.8 198.7 109.5 592.4 508.4
8/4/99 Alf 171.3 266.1 106.5 525.1 433.3
9/15/99 Alf 133.9 328.9 98.2 560.1 428.9
11/8/99 Alf 184.6 253.9 109.1 727.9 600.7
9/8/03 #1 Les 124.8 161.6 100.4 719.1 565.6
9/8/03 #2 Les 198.6 221.6 144.6 638.1 644.9
9/3/04 #1 Les 121.9 196.0 119.1 653.0 648.2
9/3/04 #2 Les 97.0 127.4 129.8 561.5 551.4
7/18/03 RC 140.8 231.1 83.4 634.1 575.8
8/5/03 RC 118.5 204.3 88.5 631.5 581.2
8/3/04 RC 113.8 209.0 88.4 673.9 611.9
Mean 141.6 204.7 98.7 629.4 554.2
SD 30.5 57.7 20.0 73.5 90.7
SE, standard deviation.
a Alf, alfalfa; Les, lespedeza; RC, red clover.
b Indicates harvest date (month/day/year).
Table 5
Pearson correlation coefﬁcients and P-values (within parenthesis) for different lignin methods with in vitro dry matter digestibility (IVDMD) and in vitro
neutral detergent ﬁber digestibility (IVNDFD).
Lignin methoda
Digestibility ADL (g/kg NDF) KL (g/kg NDF) ABL (g/kg NDF)
Grass Legume Grass Legume Grass Legume
IVDMD −0.39 (0.0049) −0.34 (0.1339) 0.12 (0.3974) 0.46 (0.0315) −0.74 (<0.0001) −0.65 (0.0011)
IVNDFD −0.46 (0.0007) −0.54 (0.0108) 0.20 (0.1688) 0.22 (0.3293) −0.93 (<0.0001) −0.72 (0.0002)
a ADL, acid detergent lignin; KL, Klason lignin; ABL, acetyl bromide lignin.
R.S. Fukushima et al. / Animal Feed Science and Technology 201 (2015) 25–37 31
Fig. 1. Comparison between linear regressions of in vitro dry matter digestibility (IVDMD) with acid detergent lignin (ADL), Klason lignin (KL) and acetyl
bromide lignin (ABL) for 51 grasses and 22 legumes.
and −2.1683, grasses and legumes, respectively) (Fig. 2). The intercepts were similar in the ADL method, 951.5 g/kg and
877.5 g/kg (P=0.2193), for grasses and legumes, respectively, (IVDMD) as well as when the measure was NDF degradation,
936.2 g/kg for grasses and 862.5 g/kg for legumes (P=0.5504).
With the KL method, the IVDMD slopes between grasses and legumes were alike (P=0.8881), −0.3144 and −0.4463,
respectively (Fig. 1). The IVNDFD slopes between grasses and legumes were similar and positive (P=0.4000), 0.1782 and
0.5367 (Fig. 2). In both cases, lines were parallel. The IVDMD degradation study showed comparable (P=0.8179) intercepts
for grasses (685.4 g/kg) and for legumes (665.7 g/kg), but in the IVNDFD assay those intercepts were different (P=0.0117),
662.8 g/kg and 441.0 g/kg, respectively grasses and legumes.
On the other hand, the relationship of ABL method with IVDMD and IVNDFD showed clearly that both slopes between
grasses and legumeswere similar (P=0.7304 and P=0.7139) (Figs. 1 and 2). Relative to IVDMD assay, the slopeswere −4.0926
and−3.8023, respectively for grasses and legumes. In the IVNDFD trial, the slopeswere−3.3899 and−3.6366, for grasses and
legumes, respectively. As a consequence, grass and legume degradability lines were parallel one to each other. In the IVDMD
experiment, it was possible to locate samples exhibiting about the same lignin content, and slightly higher degradability
values for grasses, although no statistical differences were detected (P=0.8062); however, the intercepts differed (P=0.0102),
917.57g/kg for grasses and 798.41g/kg for legumes. Relative to the IVNDFD assay grasses showed greater degradability
values than those from legumes (P=0.0001), reﬂected by the different intercepts (P=0.0121), 1098.35g/kg and 911.16g/kg,
respectively for grasses and legumes.
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Fig. 2. Comparison between linear regressions of in vitro neutral detergent ﬁber digestibility (IVNDFD) with acid detergent lignin (ADL), Klason lignin (KL)
and acetyl bromide lignin (ABL) for 51 grasses and 22 legumes.
In the IVDMD experiment, determination coefﬁcients (R2) relative to ADL values were 0.5582 and 0.6196, grasses and
legumes, respectively; when the KL method was used, these coefﬁcients were substantially lower: 0.0161 and 0.0152,
respectively for grasses and legumes (Fig. 1). In the IVNDFD trial, the determination coefﬁcient of ADL method followed KL
numbers and declined considerably for grasses and legumes (ADL: 0.1640 and 0.1190; KL: 0.0826 and 0.0935) (Fig. 2). On the
other hand, the relationship between ABL contents and both in vitro degradability assays showed fairly high determination
coefﬁcients for both forages, particularly in grasses (IVDMD: 0.7359 and 0.5980; IVNDFD: 0.7527 and 0.5559, respectively
grasses and legumes) (Figs. 1 and 2). Root mean square error (RMSE) values are presented in the ﬁgures.
4. Discussion
4.1. Lignin concentrations
The ADL and KL procedures are similar in concept, but differ in the order of acid treatments and inclusion of a detergent
(cetyltrimethylammonium bromide – CTAB) dissolved in dilute acid (1M H2SO4) to obtain the ﬁbrous preparation, acid
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detergent ﬁber (ADF). In the ADL method, the sample ADF is then subjected to concentrated acid (12M H2SO4) and lignin
isolated after ﬁltration. In contrast, in the KL method, the ﬁbrous preparation (dietary ﬁber or crude cell wall preparation) is
ﬁrst treated with concentrated acid (12M H2SO4) followed by dilute acid (0.4M H2SO4) at a high temperature (125 ◦C) (Jung
et al., 1997). However, both lignin residues have ash, and their quantiﬁcations add extra labor to the gravimetric methods.
In agreement with previous studies (Jung et al., 1997; Goff et al., 2012), KL concentrations were higher than the corre-
sponding ADL measurements for grasses and legumes (Tables 3 and 4). KL values have been reported to be approximately
two to four times greater than ADL concentrations in grasses, either expressed in terms of DM (Hatﬁeld et al., 1994; Jung
et al., 1999), or both on DM and NDF contents (Jung et al., 1997; Gomes et al., 2011). This study showed that KL contents in
grasses were two and half times as much as they were predicted using the ADL method. For legumes, the KL measurements
were around 1.1 times over ADL values.
Hatﬁeld et al. (1994) pointed out that the higher values for grass KL residues were not due only to protein contamination
or incomplete hydrolysis of carbohydrates, but were more likely due to the solubilization of lignin components by the ADL
treatment, as reported by several other authors (Porter and Singleton, 1971; Lowry et al., 1994; Shimojo and Goto, 1984;
Jung et al., 1997; Moore and Jung, 2001). Jung et al. (1999) used forage compositional analysis and bomb calorimetry to
show that ADL concentrations could not account for sufﬁcient gross energy, indicating that ADL might be an underestimate
of lignin content.
Lignin is frequently viewed within the cell wall as linked with hemicelluloses in a three-dimensional structure where
cellulosemicroﬁbrils are intercalated (Weimer, 1992). Dissolution of the hemicellulosematrix by the acid detergent solution
leaves lignin in a loose open array from which some molecular aggregates can be removed by dispersion (Lowry et al., 1994).
To prevent lignin loss that could be attributed to smaller particles from the detergent and hydrolysis steps and which escape
the40- to 60-mpore size sintered glass ﬁlter, Raffrenato andVanAmburgh (2011) suggestedutilizationof a glassmicroﬁber
ﬁlter with a 1.5-m pore size as a ﬁltering aid in the ADL method.
On the other hand, lignin concentrations using the spectroscopic ABL method can be determined through a regression
equation (Fukushima and Kerley, 2011). This equation was based on standard curves built with lignins extracted from 14
plants, ranging from trees to bamboos, grasses to legumes, plus three commercial sources of lignin. Because this data set
contained few samples of each group of plants, and that lignins from diverse botanical origins could have different phenolic
composition (Hatﬁeld and Fukushima, 2005), and thus potentially distinct absorption spectra, an argument can be made
that these factors could reduce the prediction efﬁcacy of such equation. However, this seems not to be the case, because all
17 regression curves had comparable slopes and intercepts (Fukushima and Kerley, 2011). This work showed UV speciﬁc
absorption coefﬁcients varying from 22.4 g−1 L cm−1 (for corn stover) to 23.8 g−1 L cm−1 (for pine wood); then, an average
extinction coefﬁcient (EC) of 23.077g−1 L cm−1 was calculated to be used in the ABL equation. Johnson et al. (1961) reported
EC ﬂuctuating from 22.6 g−1 L cm−1 to 24.0 g−1 L cm−1 for various softwoods and 22.4 g−1 L cm−1 to 24.5 g−1 L cm−1 for hard-
woods. Additionally, Iiyama and Wallis (1989) showed that wavelength (280nm) readings of both softwood (guaiacyl type
lignin) and hardwood (mix of guaiacyl and syringyl nuclei) lignins were similar after acetyl bromide treatment, indicating
that monomer type would not interfere with UV maximum. Chang et al. (2008) showed essentially the same EC for different
accessions of Arabidopsis thaliana (with diverse combinations of syringyl/guaiacyl monomers) which ranged from 23.0 to
23.6 g−1 L cm−1 and were independent of accession, environmental growth conditions and insensitive to lignin structure.
Because the ABL method concentrations result from readings of UV absorbance of the phenolic rings, this method will not
suffer from interferences caused by the presence of residual ash or protein. Additionally, the acetyl bromide reagent does
not solubilize these compounds (Morrison, 1972a,b).
Although the regression equation used to predict ABL values is population-dependent because it was obtained with a
numberof samplesunder speciﬁcconditionswhichmay limit itspredictivevalue, theobservationof rather clear relationships
between ABL contents and IVDMD or IVNDFD is encouraging. In toto, these reports demonstrate the universal nature of the
EC for the ABL method; this suggests that it is unnecessary to obtain speciﬁc standards for each type of material evaluated,
as previously suggested (Fukushima and Hatﬁeld, 2001, 2004).
Unfortunately, validation of such an equation is not an easy task for it requires plant samples with known lignin contents
for comparison. Then, indirect procedures are used such as the ones that try to evaluate the inhibitory effects of lignin on
cell wall (for example, NDF) degradation. Although these trials have several limitations, they are better alternatives than
simply knowing the NDF content of a feed to provide information about the potential energetic value, since two feeds can
have equal NDF concentrations but different degradability characteristics (Detmann et al., 2009), probably due to lignin
concentrations.
KL concentrations were higher than ABL concentrations in grasses, and in legumes (Tables 3 and 4). These greater val-
ues cannot be attributed to ash content since the sulfuric acid lignin corrects for this contaminant. However, other plant
compounds – notably cutin and tannins – might interfere with sulfuric acid lignin values (Jung and Vogel, 1986; Van Soest,
1994). Several species of legumes contain signiﬁcant amounts of condensed tannins (MacAdam et al., 2006). Some tannin
complexes are partially soluble in the acid detergent solution (Van Soest et al., 1991) whereas crude Klason lignin in feeds
can include a variety of condensed tannins and tannin–protein complexes (Van Soest, 1994) that could explain the low cor-
relation coefﬁcients, which were positive, observed between in vitro forage degradability and KL. Neither cutin nor tannins
were evaluated in this work; more studies focusing these aspects are encouraged.
As it took place with KL, ABL concentrations in grasses were greater than corresponding ADL values (Table 3). Aside
from the possible lignin loss in the acid detergent solution, it is necessary to point out that ABL, as a spectroscopic method,
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possesses the sensitivity required for detecting soluble lignin components that would be lost by conventional gravimetric
analyses (Fahey and Jung, 1983). The relative concentrations of esteriﬁed substituted cinnamic acids (mainly -coumaric and
ferulic acids) linked to the lignin of Gramineae (Harris and Hartley, 1976) may explain the supposedly elevated ultra-violet
absorbances in this method (Morrison and Stewart, 1995). Because the concentration of these phenolic acids is greater in
grasses (Jung and Deetz, 1993) than legumes (Ralph, 2010), this could lead to higher optical density readings in grasses
than in legumes. However, our data indicated that the inﬂuence of these esteriﬁed substituted cinnamic acids may not be
signiﬁcant, because ABL values in grasses were only slightly higher than ABL values in legumes (Tables 3 and 4).
4.2. Correlations between forage degradability and lignin method
There are several reports in the literature of strong, quantitative negative correlations between cell wall degradability
and lignin concentration (Jung and Deetz, 1993). Although the relationship between lignin concentration and degradability
is not fully understood, the negative correlation was true regardless of the method of lignin analysis employed and has been
observed with in vitro and in vivo measures of forage disappearance (Jung et al., 1997). This study showed that IVDMD and
IVNDFD were negatively correlated with lignin measures of ADL and ABL, and that results varied when the relationships
between degradability and lignin method were examined within forage classes. The ABL method had the highest correla-
tion coefﬁcients with both grass and legume degradation measures compared with other analytical procedures (Table 5).
ADL method exhibited weak correlation coefﬁcients, with the possible exception in the IVNDFD assay. Unexpectedly, KL
concentrations and degradability values had low and close to zero or positive correlations, which oppose the deleterious
effect of lignin on forage degradation. The somewhat better performance of ADL (also ABL) in the IVNDFD might be due to
the fact that lignin only affect the degradability of the cell wall fraction, not the remainder of the cell contents with which
it is not associated. Rationale by which KL method showed rather poor correlations remains to be determined; reasons may
reside on the ones already described (potential presence of cutin and plant secondary compounds in the KL residues). When
Fukushima and Hatﬁeld (2004) evaluated some forages, in vitro dry matter and cell wall degradability correlations were
highest with data from the spectroscopic technique as compared to ADL, KL or potassium permanganate lignin. Jung et al.
(1997) found that although ADL was more consistently correlated with degradability than was Klason lignin, KL method
may be a more accurate measure of total lignin content of forages than ADL, especially for grasses. KL and ADL methods were
effective in predicting utilization by ruminants, as these methods were constantly correlated with degradability across all
forage types (Goff et al., 2012).
Gomes et al. (2011) observed stronger correlation coefﬁcients with KL and potassium permanganate lignin methods,
while the lignin content estimated by ABL did not correlate with NDF degradation. We have no clear explanation for the
discrepancy observed between this previous work and the data reported here.
4.3. Slopes between forage degradability and lignin method
In this work, slopes were plotted between lignin concentration for each analytical method and the extent of DM or NDF
degradation. The ADL graph illustrates that degradability slopes of grasses and legumes were dissimilar for IVDMD, with
steeper inclination for the grass line (Fig. 1). Although degradability lines for IVNDF were similar, grass line also showed
steeper inclination than legume (Fig. 2). Because the slope of this negative relationship was steeper for grasses than for
legumes, it was suggested that lignin is more inhibitory of digestion in grasses (Buxton and Russell, 1988; Jung and Deetz,
1993).
Gomes et al. (2011) reported no differences between grasses and legumes in terms of intercept or the slope of the ﬁtted
line when ADL method was used. Jung et al. (1997) also observed similar slopes for the relationships of degradability with
ADL or KL in grasses and legumes. On the other hand, other reports have shown that grasses and legumes have different
slopes for lignin concentration and degradability. The concentration of ADL in grasses was lower than ADL of legumes at
comparable degradability; as a consequence the slope was steeper for grasses (Van Soest, 1964; Tomlin et al., 1965; Kondo
et al., 1987). Goff et al. (2012) reported that the slopes of the cool-season and warm-season grasses were the same for ADL
andKL, butwere different from the slopes of legumes. It is not knownwhy this variability occurred, but itmayhave to dowith
a greater decline in digestibility of grasses as concentration of cell wall carbohydrates and lignin increased, compared to the
lesser decline in degradability of legumes. This discrepancy in the slopes, as previously remarked for the correlations, could
be attributed to two observations, that higher concentrations of acid soluble lignins are lost in grasses than in legumes, and
that a greater proportion of lignin is removed from immature herbaceous plant samples than from mature samples (Kondo
et al., 1987). Thus, depending on the species and stage of maturity of plants used in those studies, there might be alterations
in the reported slopes.
With KL, grass and legumedegradability slopes for IVDMDand IVNDFDwere similar and parallel (Figs. 1 and 2). Intercepts
were alike in the IVDMD trial, but not in the IVNDFD assay. Dissimilar intercepts between grasses and legumes, higher
undegradableNDF for legumes, regardless of KL concentration, havebeenobserved (Gomes et al., 2011). Grasses and legumes
would be expected to be similar for the relationship between KL and degradability because the disparity noted in ADL
concentration between these forage classes is markedly reduced in terms of Klason lignin (Jung et al., 1997).
On the other hand, with the samples and maturity range reported here, the relationship of ABL method with IVDMD and
IVNDFD clearly showed that inclination of the slopes were similar and that degradability lines were parallel one to each
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other (Figs. 1 and2). Nodifferenceswere detected between grass and legume slopeswithin degradabilitymethod or between
degradability methods within forage species. These observations indicate that the degradability of grasses and legumes had
the same behavior as lignin concentration increased, independently on the unit evaluated (g/kg DM or g/kg NDF). On the
light of these ﬁndings, a rationale behind the relationship between degradability and lignin content may be as follows: what
differentiates DM from NDF is the fraction containing the cell solubles and neutral detergent soluble carbohydrates such as
pectic substances, -glucans, fructans, galactans, etc. (Hall, 2003; Queiroz et al., 2008). Biogenic silica is poorly recovered
in the NDF residue and starch will also not appear if heat-stable amylase is used (Van Soest et al., 1991). Cell solubles are
virtually all digested (Girard and Dupuis, 1988) and the neutral detergent soluble carbohydrates are rapidly degraded in
the rumen (Van Soest et al., 1991). Thus, when IVDMD assay is run, what is left after incubation is the undegradable cell
wall which is essentially the same residue when IVNDFD trial is run, which explains the analogous slopes, given the relative
proportions of analytes between DM and NDF contents, which includes microbial debris, biogenic silica, etc.
Van Soest (1994) using a logarithmic plot of data from Mertens (1973) stated that “ligniﬁcation affects cell wall degrad-
ability in a similar way in all plants, and that differences in cell wall lignin content between dicot legumes and monocot
grasses are not an important consideration. . . When lignin is expressed on a cellwall basis, legumes and grasses forma single
regression line with indigestibility of NDF. Summative equations (Conrad et al., 1984) take advantage of this relationship to
predict the digestibility of legume–grass mixtures”.
However, this seems not be the case with the parallel lines between grasses and legumes observed in both degradation
studies with the KL method. In the IVNDFD assay, the slopes were positive and data points were scattered distributed along
the degradability lines.
Considering that grass lignin is lost to a greater degree in the ADL method than observed for legumes (Kondo et al.,
1987; Lowry et al., 1994), it was expected that expressing lignin per unit of NDF would have major impacts on the regres-
sions of lignin with IVNDFD as compared to IVDMD. When both degradability assays were run, this aspect was observed
with the ABL method; however, for both gravimetric procedures ADL and KL, the coefﬁcient of determination (R2) from
these regressions deteriorated substantially for the IVNDFD of grasses and legumes. The root mean square errors (RMSE)
shown in the graphics also testify to the worsening of the IVNDFD values. These low coefﬁcients observed in the ADL
and KL plots attest to the distance between the lines and data points, that is, these methods are poor predictors of NDF
degradability. Jung and Vogel (1986) found that lignin as a percentage of the dry matter gave equal or better ﬁt to the
model, and the authors attributed this observation to the greater precision of dry matter determination relative to ﬁber
measurements.
Nevertheless, these dissimilar regressions between IVDMD and IVNDFD in the gravimetric methods could be due, at least
partially, to problems in the analytical procedure for lignin quantiﬁcation. As already mentioned, the ADL method suffers
from partial loss of lignin structure dissolved in the acid detergent solution (Porter and Singleton, 1971; Kondo et al., 1987;
Lowry et al., 1994; Moore and Jung, 2001). However, we see no plausible explanation for the KL method results since KL
is apparently insensitive to the loss of lignin observed with the ADL procedure, and both results are ash-free residues. At
this point, we cannot rule out the possible interference of cutin or condensed tannins because these components were not
quantiﬁed in the present work.
Similar inclination of the slopes and parallel degradability lines between forage species relative to ABL method indicated
that the degradability of grasses and legumes had the same pattern. Consequently, grass lignin should not bemore inhibitory
to degradation than legume lignin. Because of steeper negative slope of grasses when ADL method was employed, it was
suggested that grass lignin is more inhibitory of degradation than is legume lignin (Van Soest, 1964; Buxton and Russell,
1988; Jung and Deetz, 1993). However, Moore and Jung (2001) cautioned that this conclusion has been drawn because
the ADL method underestimates lignin concentration more severely in grasses than legumes. The greater apparent lignin
inhibition of digestion for grasses, according to Lowry et al. (1994), can be explained by underestimation of grass lignin.
These results strength the hypothesis that cell wall fermentation kinetics are impacted more by lignin concentration than
by lignin composition (Grabber et al., 2009).
5. Conclusions
The spectroscopic acetyl bromide lignin method to quantify lignin in forages provides another alternative to the tradi-
tional gravimetric procedures, acid detergent lignin and Klason lignin. Utilization of a standard curve equation expedites
substantially the ABL procedure so that this method can be used routinely in a forage laboratory. Because the ABL method
has high correlation coefﬁcients with degradability of forages, it can be used to predict forage utilization. Similar inclination
of the slopes and parallel lines between ABL data and degradability of grasses and legumes, led to our interpretation that the
pattern of the inhibitory effect of lignin on structural carbohydrate degradation is similar for both grasses and legumes,which
is not observed with the gravimetric methods. Steeper inclination of degradability curves for grasses relative to legumes
in the ADL method may be attributed to partial loss of lignin during the procedure. The low coefﬁcients observed in the
ADL and KL methods attest to the distance between the lines and data points, that is, these methods are poor predictors of
NDF degradability. The ABL method requires further in-depth studies that better deﬁne the interactions of lignin with plant
species, plant parts, tissue anatomy, cellular differentiation and development, and other physical and/or chemical factors.
These are needed to improve the usefulness of the regression lines for predicting forage degradability.
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